This study reports a new white-rot fungus Cerrena sp. WR1, identified based on an 18S rDNA sequence, which can secrete extracellular forms of laccase with a maximal activity reaching 202 000 U l 21 in a 5-l fermenter. A laccase protein, designated Lcc3, was purified and shown to be N-linked glycosylated by PNGase F and liquid chromatography tandem mass spectrometry analyses. The respective full-length cDNA gene (lcc3) of the Lcc3 protein was obtained using polymerase chain reaction-based methods. Kinetic studies showed that the K m and k cat of the native Lcc3 were 3.27 mM and 934.6 s 21 for 2,2 0 -Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid), 849.1 mM and 147.9 s 21 for guaiacol, 392.7 mM and 109.2 s 21 for 2,6-dimethoxyphenol, and 881 mM and 115.5 s 21 for catechol, respectively. The T m of Lcc3 was determined at 73.98 8 8 8 8C and it showed a long t 1/2 (120 min) at 508 8 8 8 8C. The laccase was highly ethanol resistant, with 80% of its original activity was detected when incubated in 25% ethanol for 14 days. Furthermore, crude enzyme broth or Lcc3 could degrade lignin in kraft paper (26.5%), and showed high decoloration efficiency (90%) on synthetic dye Remazol Brilliant Blue R. Together, these data demonstrate that Cerrena sp. WR1 Lcc3 possesses novel biochemical and kinetic properties that may aid its application in industry.
Introduction
Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2), which belong to the blue multicopper oxidase superfamily, were first found in the exudates of the Japanese lacquer tree Rhus vernicifera (Yoshida, 1883) . They could catalyze the oxidation of a wide range of phenolic and aromatic substrates with the reduction of oxygen to water (Solomon et al., 1996) . Four highly conserved amino acid sequences of copper-binding regions are distinct among most laccases. Usually a laccase contains one type-1 (T1) copper (Cu1), one type-2 (T2) copper (Cu2) and two type-3 (T3) coppers (Cu3); Cu2/Cu3 forms the trinuclear cluster (TNC) (Solomon et al., 1996) . Cu1 contributes the deep blue color of the enzyme and plays a role as the first electron acceptor in the laccase-catalyzed reaction. The electrons are then transferred through the highly conserved His-Cys-His tripeptide to the TNC and oxygen is reduced to water (Lee et al., 2002; Solomon et al., 2008) .
Laccases have been widely discovered in fungi, bacteria, plants and insects. Among fungi, most laccases are extracellularly secreted, and white-rot fungi are the most efficient laccase producers (Singh Arora and Kumar Sharma, 2010) . Laccases in fungi have been found to play roles in a variety of physiological processes including morphogenesis, pathogenesis, lignin degradation and stress defense (Frases et al., 2006; Panepinto and Williamson, 2006; Bugg et al., 2011) . Chada et al. (2003) reported that a bacterial laccase, CotA, from Bacillus subtilis is involved in spore coat formation. Since then, several prokaryotic laccases have been identified and the potential of their salient features for industrial applications have been discussed (Santhanam et al., 2011; Virk et al., 2012) . In plants, laccases are associated with lignin synthesis (Gavnholt and Larsen, 2002) and play roles in earlier flowering and seed color change in Arabidopsis (Cai et al., 2006) .
Laccases have been widely used in environmental bioremediation, as biocatalysts for compound synthesis or structural modification, in biofuel production and in the biopulping and textile industries (Rubilar et al., 2008; Piscitelli et al., 2010; Kudanga et al., 2011; Shraddha et al., 2011; Virk et al., 2012) . Researchers, however, are still working toward the discovery of more efficient laccases from natural organisms or modifying laccases using protein engineering approaches to improve their bio-catalytic properties for broadening their industrial usages. For instance, Miyazaki has demonstrated a thermophilic laccase from Thermus thermophilus HB27 with a strikingly optimum reaction temperature of 928C (Miyazaki, 2005) . The catalytic efficiency (k cat /K m ) of the laccase CotA from B. subtilis with 2,2 0 -Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and 4-hydroxy-3,5-dimethoxy-benzaldehyde azine was increased 7-fold compared with the wild-type enzyme by active site saturation mutagenesis (Gupta and Farinas, 2009) . Very recently, a laccase from the plant pathogen ascomycete Botrytis aclada was shown to possess a high chloride tolerance (I 50 ¼ 1.4 M) and could be expressed at very high levels (51 000 U l
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, 495 mg l 21 ) in Pichia pastoris (Kittl et al., 2012) .
In this report, we isolated and purified a native laccase (Lcc3) protein from a new white-rot fungus Cerrena sp. WR1 identified in Taiwan. The biochemical characteristics, kinetic properties and potential in industrial applications of † The paper is from the INPEC meeting.
the newly identified laccase enzyme were investigated. We show here that the thermo-and ethanol-tolerance of Cerrena sp. Lcc3 are superior to a commercial laccase from Trametes versicolor.
Materials and methods

Chemicals
ABTS, 2,6-dimethoxyphenol (2,6-DMP or syringol), guaiacol, catechol, 2,5-xylidine, Remazol Brilliant Blue R (RBBR) were purchased from Sigma (St Louis, MO, USA). Potato dextrose and soytone were from BD (Franklin Lakes, NJ, USA). All chemicals used were reagent grade or equivalent. Q Sepharose TM Fast Flow gel was obtained from GE Healthcare (Uppsala, Sweden).
Organisms, culture conditions and laccase production
The fungus strain Cerrena sp. WR1, isolated from the Fu-Shan botanical garden in Taiwan, was maintained routinely on 3.9% potato dextrose agar (Difico TM , BD) plates. For laccase production, mycelial plugs from the leading edges of the colony were shattered completely with glass beads in dH 2 O as a starting inoculum and grown in 2.5% potato dextrose broth (PDB) (Difico TM , BD) with 5% soytone and 0.4 mM CuSO 4 at 258C. A 5 l fermenter (Biostat w B, B. Braun Biotech) with 4 l working volume of PDB was used for mass production of laccase. Fermentation was performed at 200 rpm and air flow rate of 1 vvm. After a 3-day cultivation, the 2,5-xylidine was added to the final concentration of 2 mM as an inducer. Within the 13-day cultivation period, the laccase production in supernatant was monitored by laccase activity assay, and protein concentration was determined by Bradford assay (Bio-Rad) with bovine serum albumin used as the standard.
Phylogenetic analysis
The phylogeny of the target fungal strain was identified by 18S rDNA sequencing. Genomic DNA of strain Cerrena sp. WR1 was isolated according to the user guide of the Genomic DNA Purification Kit (EasyPure, Bioman Scientific Co., Ltd, Taiwan). Universal primers of NS1 (5 0 -GTAGTCATAT GCTTGTCTC-3 0 ) and NS8 (5 0 -CCGCAGCTTCACCTACG GA-3 0 ) were used for amplification of an 1760 bp fragment of 18S rDNA in PCR reactions (Cheng et al., 2004) . Other fungal 18S rDNA sequences used in this study for phylogenetic analysis were obtained from the GenBank database. Phylogenetic analyses were performed at the Biology Workbench website (http://workbench.sdsc.edu/) according the methods described previously (Lai and Chen, 2001 ).
Protein purification
Mycelia grown 13 days in culture medium were removed by filtration with filter paper (5C, Advantec, Toyo Roshi Kaisha, Ltd) and then a 0.45 mM membrane (Millipore). All the following steps were carried out at 48C. The clear culture fluids were concentrated by Labscale TM TFF System device (Millipore) with a 10K Pellicon w -XL filter. The concentrate was applied to ammonium sulfate precipitation. The resulting precipitates from 40 to 60% ammonium sulfate were collected by centrifugation at 6000 Â g for 35 min and were resuspended in 50 mM sodium phosphate buffer, pH 6.0 (buffer A). The protein solution was then applied to a Q Sepharose Fast Flow column (2.6 Â 40 cm, GE Healthcare, Uppsala, Sweden) equilibrated with buffer A. The bound proteins were washed with buffer A and eluted with a linear concentration gradient of 0-1 M NaCl in buffer A at a flow rate of 1 ml min
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. The laccase-active fractions were pooled, concentrated and dialyzed against buffer A. Homogeneity of the enzyme was confirmed by zymography, SDS-PAGE and mass spectrometry. The N-terminal amino acid sequence of the Lcc3 protein was used in the Procise w LC Protein Sequencing System, Model 492 (Applied Biosystems).
Enzymatic activity assay
Standard laccase activity was determined spectrophotometrically by measuring the oxidation of ABTS at 420 nm (1 420 ¼ 36 000 M 21 cm 21 ) as previously described (Murugesan et al., 2006) with some modifications. The 1 ml standard reaction mixture contained 4 mM ABTS in 100 mM citric acid buffer, pH 3.0, and an appropriately diluted enzyme solution. One unit of enzyme activity was defined as the amount of enzyme that oxidized 1 mmol of ABTS per min. Kinetic studies were performed independently at least three times, and the variables included substrate concentration, pH and temperature. All chemicals used in these experiments were obtained from Merck (Darmstadt, Germany) or Sigma-Aldrich (St Louis). All spectrophotometric measurements were performed using a Beckman DU 640 spectrophotometer (Beckman Coulter, USA).
The kinetic parameters K m and V max were determined on different substrates in 50 mM citrate buffer at the optimum temperature and pH. The substrate concentration ranges used were 1-100 mM for ABTS, 1 -3000 mM for guaiacol, 1 -2000 mM for 2,6-DMP (syringol) and 1 -3000 mM for catechol. The oxidation reactions of guaiacol, 2,6-DMP and catechol followed at 436 nm ( 
Zymography analysis
Zymography, a method to analyze enzyme activity directly on an electrophoretic gel, was carried out. Briefly, unheated protein samples were separated on 10% SDS-PAGE. After electrophoresis, the gel was rinsed twice with 50 mM citric acid buffer ( pH 3.0) for 5 min to remove SDS, then immersed in the same buffer containing 1 mM ABTS as the substrate. Protein bands with laccase activity were then visualized.
Effect of temperature and pH on the activity and stability of Lcc3
The effect of temperature on enzyme activity was studied using a standard enzymatic activity assay under various incubation temperatures (20 -808C). For thermal stability studies, the enzyme was pre-incubated in 50 mM citric acid buffer ( pH 3.0) at 30-808C for 0 -240 min, and the residual enzymatic activity against ABTS was then determined at the optimal pH (3.0) and temperature (508C). The effect of pH on enzyme activity was investigated at a pH range of 2.0-4.5. Four buffer systems were used in this study: 50 mM glycine-HCl buffer ( pH 2.0 -2.5), 50 mM citric acid buffer ( pH 2.5-5.0), 50 mM sodium phosphate buffer ( pH 6.0-8.0), and 50 mM glycine-NaOH buffer ( pH 9.0 -10). To determine the protein stability of laccase at a wide range of pHs, the enzyme (0.1 mg ml 21 in reactions) was preincubated at pH 3.0-10 at 258C for 0 -5 days and then the residual enzyme activity was determined.
Differential scanning calorimetric study
The melting point T m of Lcc3 was determined by differential scanning calorimetry (DSC) by use of a Nano Differential Scanning Calorimeter (N-DSC III) (TA Instruments, New Castle, DE) at a heating rate of 18C min 21 at temperatures from 30 to 958C and excess pressure of 3.0 atm. The protein concentration was 0.55 mg ml 21 in 10 mM sodium phosphate buffer ( pH 6.0). Baseline corrections were performed and smoothed by subtracting a buffer thermogram. The data were analyzed by Launch NanoAnalyze Software (TA Instruments), assuming a two-state unfolding model (Pace et al., 1989) .
Copper content analysis
Analysis of copper content in Lcc3 protein was performed by inductively coupled plasma mass spectroscopy (ICP-MS) (Xseries II, Thermo). Protein samples (1 ml) were pre-mixed with 3 ml ultrapure nitric acid (67 -70%, copper 20 pg g 21 , ultrex II, J.T.Baker) and then digested in MARS Microwave Reaction System (CEM Corporation) at 2008C for 15 min. Digested sample was diluted to 50 ml by adding 2% HNO 3 solution prior to metal analysis. The ultrapure nitric acid solution was assayed in parallel and used as the copper-free control in the experiment. The copper concentrations in the protein samples were calculated from a calibration curve of the copper ICP standard solutions (1, 5, 10, 25, 50 pg l 21 , Merck) diluted in 2% HNO 3 .
Deglycosylation assay and glycosyl residue analysis
The deglycosylation reaction of purified laccase was carried out according to the instructions of the Enzyme Protein Deglycosylation Kit (Sigma-Aldrich) and then subjected to electrotransblotting onto a polyvinylidene fluoride membrane (Millipore). The glycosyl-protein was then visualized by periodic acid Schiff staining as described elsewhere (Gradilone et al., 1998; Cagatay and Hickford, 2008) .
In order to determine the glycan type and possible glycosylation sites, purified Lcc3 was analyzed as described previously (Sun et al., 2007; Cao et al., 2009) . Briefly, trypsin-digested glycopeptides were captured on hydrazide resin (CarboLink Couping Gel, Pierce). The bound glycopeptides were digested with peptide N-glycosidase F (PNGase F) and the deglycosylated peptides were collected and analyzed using LC-LTQ Orbitrap XL (Thermal Fisher Scientific Inc., Walthanm, MA, USA). Glycans were also purified from PNGase F digested tryptic peptides and concentrated using a C18 cartridge (Sep-Pak Classic, Water Corp., Milford, MA, USA), derivatized by permethylation and then analyzed by matrix-assisted laser-desorption ionization-time-of-flight mass sepectrometry (MALDI-TOF MS) (Applied Biosystems 4700 Proteomics Analyzer with TOF/TOF Optics).
Effect of various organic solvents on the activity and stability of Lcc3
To test the effects of various organic solvents on the enzymatic activity of laccase, various concentrations (1, 10 and 25%) of solvents were added in standard activity assays. The enzyme stability in the presence of ethanol was also investigated. Laccase of T. versicolor (Fluka) was used as a reference enzyme in this study. Both enzymes at concentration of 0.2 mg ml 21 in each assay were performed. Laccase was preincubated in 50 mM sodium phosphate buffer ( pH 6.0) containing 1, 10 or 25% ethanol at room temperature for .30 days and then residual laccase enzyme activity was measured at different time intervals following the standard method described in Enzymatic activity assay.
Lignin degradation efficiency of Lcc3
To test lignin removal efficiency in kraft pulp, crude enzyme broth containing 1000 U of Lcc3 was added to a 50 ml reaction mixture containing 200 mg smashed kraft pulp in 50 mM citric acid buffer ( pH 3.0) or glycine-NaOH buffer ( pH 10) at 258C overnight. A final concentration of 1 mM sodium azide was then added to stop the reaction. The treated kraft pulp was collected by filtration and dried at 608C. The lignin contents in kraft pulp before and after treatment were assayed by determining the kappa number of ISO 302:2004 (International Organization for Standardization, Kappa number Â 0.15% ¼ % lignin in pulp).
Dye decoloration of Lcc3
Dye decoloration was performed according Hsu et al. (2012) . Anthroquinone dye RBBR was tested in this study. One milliliter reaction mixture containing 0.01% RBBR in 50 mM citric acid ( pH 3.0) was incubated with indicated units of Lcc3 at 258C for 25 min. Dye decoloration was determined by monitoring the change of absorbance at OD 595 , and the decoloration efficiency (%) was defined as the relative amount of dye decrease after treatment.
Cloning of laccase gene from Cerrena sp. WR1
After culturing in PDB for 13 days the mycelia of Cerrena sp. WR1 were harvested by paper filtration and ground in liquid nitrogen. Total RNA was isolated and purified by an RNeasy w Mini Kit (Qiagen). The first pool of cDNA fragments was obtained by reverse transcriptase polymerase chain reaction (RT-PCR) using the SuperScript w III RTS First-Strand cDNA Synthesis Kit (Invitrogen). Two degenerative primers LAC-N1 (5 0 -CAYTGGCAYGGNTTYTTY CA-3 0 ) and LAC-C1 (5 0 -TGRAARTCDATRTGRCART G-3 0 ), designed on the basis of highly conserved sequences in copper-binding regions I and IV present in fungal laccases (Hoshida et al., 2001) , were used to clone laccase genes from Cerrena sp. WR1. PCR products were subcloned for sequencing following the user's manual of Zero Blunt (reverse primer) were used to amplify the final full-length gene sequence. The laccase gene sequence was then confirmed by full-length double-strand DNA sequencing.
Results
Species identification
We used an 18S rDNA sequencing approach to identify the molecular phylogenetic classification of the target fungal strain. The 18S rDNA sequence of the target organism was amplified, sequenced, and compared with sequences of other fungal species in the GenBank database. The phylogenetic tree in Fig. 1 indicates that our target strain WR1 (GenBank accession no. GQ899199) was closest to the species of Cerrena unicolor (GenBank accession no. AY850007), sharing 99.15% 18S rDNA sequence identity as determined by the neighbor-joining method, and was named as Cerrena sp. WR1.
Production, purification and biochemical characterization of laccase3 (Lcc3) from Cerrena sp. WR1
The fermentation and laccase production in liquid culture of Cerrena sp. WR1 is shown in Fig. 2A . After a 13-day cultivation at 258C, the highest laccase activity was at 202000 U l
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, and the specific activity of the crude laccase broth was 144.3 U mg 21 ( Fig. 2A) . After the second Q Sepharose FF column purification, the enzyme was purified about 24.9-fold with a yield of 6.5%, with .96% homogeneity (Fig. 2B) and was designated Lcc3.
The results of a deglycosylation assay of the purified Lcc3 are shown in Fig. 2B . The molecular weight before and after the deglycosylation reaction with PNGase F was estimated to be 64.1 and 57.5 kDa, respectively, suggesting that the glycosylation level in the enzyme was 11.5%. This further suggests that N-glycans are the major oligosaccharides in the Lcc3 protein because only PNGase F can effectively cleave the glycosyl moiety of the enzyme, not other forms of enzymes tested in parallel, including O-glycosidase, a-2(3,6,8,9) neuraminidase, b-1,4-galactosidase and b-N-acetylglucosaminidase. PNGase F-released glycans from Lcc3 were further analyzed by MALDI-TOF MS, and the results showed that glycans (Fig. 2C) .
Analysis of ultraviolet visible (UV-Vis) absorption spectra of Lcc3 showed an absorption peak at 600 nm and a slight shoulder absorption at 330 nm (Fig. 3A) , which indicated the presence of type I and type III copper ions. ICP-MS analysis further confirmed that one molecule of Lcc3 protein contains 3.80 + 0.044 copper atoms, which confirmed that Lcc3 is a blue copper enzyme.
On the other hand, DSC was used to determine the association of the molar heat capacity (Cp) with the protein unfolding of Lcc3 at increasing temperatures. The result in Fig. 3B shows that Lcc3 was denatured at a high temperature, with a midpoint temperature (T m ) of 73.98C, in 10 mM sodium phosphate buffer ( pH 6.0).
Effect of temperature and pH on the enzymatic activity and stability of Lcc3
As shown in Fig. 4A , the optimal temperature for Lcc3 of Cerrena sp. WR1 was 50-608C with ABTS as the substrate and 708C with guaiacol or 2,6-DMP as the substrate. To test thermal stability and determine the t 1/2 value of Lcc3 at different temperatures, the enzyme was kept at various temperatures (50 -808C) for 10-40 min and the remaining activity was then determined by standard activity assay using ABTS as the substrate. Fig. 4B shows that values of t 1/2 at 50, 60 and 708C were 120, 40 and 7.5 min, respectively.
The effect of pH on the enzyme activity was measured over a pH range of 2.0-6.0 with various substrates. The purified Lcc3 showed maximal activity at pH 3.0, 3.5 and 4.5 with ABTS, 2,6-DMP and guaiacol as the substrates, respectively (Fig. 4C) . Furthermore, Lcc3 was observed to be relatively less stable at pH 3.0 and 4.0 than at pH . 5.0 (Fig. 4D) . It lost 50% activity (t 1/2 ) at pH 3.0 and 4.0 after a 43 and 82-h incubation at 258C, respectively; however, Lcc3 retained about 80% activity when incubated at pH 5.0 for 100 h, and little or no activity was lost in the pH range of 6 -10 after a 100-h incubation (Fig. 4D ).
Kinetic studies of Lcc3
Initial rate kinetic analyses were performed with ABTS, guaiacol and 2,6-DMP as substrates at the respective optimal temperature and pH values. S4 . These parameters were compared with the kinetic activities described in previously published articles and issued patents of laccase enzymes obtained from other organisms. As shown in Table I , Lcc3 possessed the highest affinity and catalytic efficiency for ABTS among all compared laccases.
Effect of various organic solvents on activity and stability of Lcc3
We investigated the effects of organic solvents on the enzymatic activity of Lcc3 from Cerrena sp. WR1. More than 92 and 80% laccase activity remained at concentrations of 1 and 10% of tested organic solvents, i.e. methanol, ethanol, acetonitrile, N,N-dimethylformamide and dimethyl sulfoxide, in the reaction mixture (Table II) . Further, Lcc3 retained . 81% activity in the presence of 25% ethanol or N,N-dimethylformamide and 74277% activity in 25% methanol or acetonitrile, while only 55% residual activity of Lcc3 was detected in the presence of 25% dimethyl sulfoxide.
Because Lcc3 had the best performance in ethanolic solution, we further studied its stability following a longer incubation with ethanol. The Lcc3 of Cerrena sp. WR1 and the laccase of T.versicolor (LccTv) from Fluka, used as a reference control in this experiment, were pre-incubated at 0-25% of ethanol in 50 mM sodium phosphate buffer ( pH 6.0) at room temperature for up to 58 days. Our results showed that LccTv maintained 50% activity after a 21-day incubation, but when pre-incubated with 25% ethanol, 50% activity was detected at a shorter incubation time (day 8), and by day 21
LccTV retained only 32% activity (Fig. 5) . Lcc3 of Cerrena sp. WR1 exhibited a novel activity in the ethanolic solution. Markedly, 50% enzymatic activity of Lcc3 was detected in the presence of 0, 1, 10 and 25% ethanol after a 40-, 60-, 45-and 40-day incubation, respectively, suggesting that the Lcc3 protein is more stable in 1 -10% ethanol than the aqueous solution. A high tolerance of Lcc3 to 25% ethanol was also observed, as 90% activity remained after a 10-day incubation similar to the enzyme in the aqueous solution. After a 58-day incubation in 25% ethanol, Lcc3 of Cerrena sp. WR1 still had 41% activity, whereas LccTv only retained 15%. These results demonstrate that Lcc3 of Cerrena sp. WR1 is highly stable against ethanol. Assay reactions were performed in 50 mM citric acid buffer (pH 3.0) at 308C with ABTS used as the substrate.
Lignin degradation efficiency and dye decoloration of laccase from Cerrena sp. WR1
The lignin degradation efficiency of culture broth of Cerrena sp. WR1 containing crude laccase enzymes (20 U ml
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) was determined. Kappa number is commonly used to present the residual lignin content or the degree of delignification in wood pulp after bleaching or cooking which was adapted in this study. The lignin degradation efficiency on kraft pulp was determined to be 27 and 19%, when incubating kraft pulp with crude enzymes overnight at 258C in basic buffer (50 mM glycine-NaOH, pH 10) and acidic buffer (50 mM citric acid buffer, pH 3.0), respectively (Fig. 6A) .
For the dye decoloration efficiency of Lcc3 on anthraquinone dye RBBR was tested in this study. In the presence of 2, 4 and 8 U of Lcc3 in a 20-min reaction time frame at 258C, the decoloration efficiency reached 58, 84 and 90%, respectively (Fig. 6B) . Seventy percent of RBBR dye decoloration was observed when crude enzyme broth containing 8 U of laccase activity was used in the reaction (data not shown).
Lcc3 gene cloning and analysis
We identified the Lcc3 gene from Cerrena sp. WR1 by RT-PCR and 5 0 and 3 0 RACE. The Lcc3 cDNA contains an open reading frame of 1 551 bp, with a deduced polypeptide of 516 amino acid residues ( Supplementary Fig. S1 ). A deduced signal peptide of 21 amino acid residues at the N-terminus composed of MAFRTGFSAFISLSLALGALA is proposed (underlined sequence in Fig. S1 ), and we have confirmed this with our N-terminal amino acid sequencing data of Lcc3 (the first eight residues were determined to be AIGPVADL). The GenBank accession number of Lcc3 gene is GQ899203. Four highly conserved Cu binding regions were found in the deduced primary sequence of the Lcc3 protein, as compared with those of other known fungal laccases, i.e. Cerrena maxima (Protein Data Bank number 3DIV) Lentinus tigrinus (PDB 2QT6) and T.versicolor (PDB 1GYC) ( Supplementary Fig. S2 ), which is in agreement with the ICP-MS result. We confirmed that this lcc3 cDNA corresponds to the Lcc3 protein. Furthermore, Lcc3 of Cerrena sp. WR1 shares 67.2, 65.6 and 70.2% amino acid sequence homology to that of C.maxima, L.tigrinus and T.versicolor, respectively.
Six potential N-glycosylation sites, i.e. N35, N236, N272, N311, N453 and N489, with a conserved sequence of NxS/T, were found in the deduced Lcc3 amino acid sequence ( Supplementary Fig. S1 ). However, only the N453 residue of the DTVNTGAAGDN 453 VTIR sequence was determined to be glycosylated by LC/MS-MS analysis ( Supplementary  Fig. S3 ).
Discussion
Laccases have been studied for several decades. Although not a newly discovered class of enzyme, it still attracts attention in many industries, such as the biopulping and paper industry, lignocellulose processing, bioremediation, organic synthesis and the food and pharmaceutical industries. However, many of these transformations are carried out at high temperatures or at high concentrations of organic co-solvent systems. The search for tailor-made laccases as 21 ) was applied for lignin degradation on kraft pulp in 50 mM citric acid buffer (pH 3.0) or glycine-NaOH buffer (pH10) at 258C overnight. *and **present the significant difference between two results with P , 0.05 and P , 0.001 determined by one-way analysis of variance. Kappa number Â 0.15% ¼ % lignin in pulp. (B) Purified Lcc3 with indicated units were tested for its decoloration efficiency on RBBR dye at 258C in 50 mM citric acid buffer (pH 3.0). The decoloration efficiencies were converted by the changes of absorbance at 595 nm. One hundred percent decoloration efficiency represents that Lcc3 under defined reaction conditions can decrease the total absorbance at 595 nm of 0.01% RBBR dye.
biocatalysts in industrial applications has spurred research on identification of novel laccases that exhibit more eco-or industrial-friendly properties.
In the present study, we identified an extracellularly secreted form of laccase protein Lcc3 and its encoded gene lcc3 from a newly isolated basidiomycete white-rot fungus Cerrena sp. WR1. We confirmed that the Cerrena sp. WR1 Lcc3 is a multicopper oxidase on the basis of results from kinetics studies and UV-Vis spectrum analysis, ICP-MS and deduced amino acid sequence analysis. Our results also demonstrate several features that identify Lcc3 as a novel laccase. First, Lcc3 exhibits highly specific activity for ABTS, with activity 23.9-fold higher than that of the patent-protected laccase from Melanocarpus sp. and 3378-and 3.3-fold higher than two commercial laccases from Coriolus versicolor (Sigma) and T.versicolor (Fluka), respectively (Table I) . Lcc3 also exhibited the highest affinity to ABTS, with a K m of 3.27 mM, while other enzymes are in the range of 31-800 mM, and a superior catalytic efficiency k cat /K m compared with other fungal laccases (Table I) . Second, though the t 1/2 at 508C (120 min) of Lcc3 is less than the Melanocarpus sp. laccase (.360 min at 508C), the t 1/2 at 258C is 40 days and in the presence of 1% ethanol the t 1/2 at 258C could reach 60 days, which is novel among the compared enzymes (Fig. 5) . In addition to ABTS, Lcc3 is also reactive to guaiacol and 2,6-dimethoxyphenol (syringol), the two building blocks of lignin, and also catechol, at the relatively high optimum temperature of 708C, suggesting a wide substrate specificity of the enzyme. Moreover, Lcc3 barely lost its activity in pH 6 -10 solutions within 100 h at room temperature. In an acidic environment 50% activity could be detected after 43 h incubation at pH 3 and after 82 h incubation at pH 4 (Fig. 4D) . These salient properties suggest Cerrena sp. WR1 Lcc3 is novel and has broad application potential for various industries.
Enzymatic transformation in the organic solvent environment may allow us to tackle many cumbersome processes, such as the detoxification of xenobiotics and the organic synthesis of pharmaceuticals or other polymers. Biotechnologically relevant miscible organic solvents, such as methanol, ethanol, acetonitrile, dimethylsulfoxide and N,N-dimethylformamide, have been shown to inhibit some fungal laccases by promoting protein unfolding (Rodakiewicz-Nowak et al., 2000; d'Acunzo et al., 2004) , limiting their potential. Tolerance to organic solvents is thus considered an important property for the industrial application of laccases. To characterize the co-solvent tolerance of Lcc3, we compared the Lcc3 activity alone and in the presence of an array of co-solvents of different polarities. Our results show that more than 80% of Lcc3 activity was detected in all tested solvents at concentrations of 10, and 55-84 activity remained at concentrations of 25%. Strikingly, Lcc3 is markedly tolerant and stable in 25% ethanol, as 90% activity was detected after a 10-day incubation, which is superior to its T.versicolor counterpart (LccTv) tested in parallel in this study that retained only 45% of LccTv activity under the same conditions (Fig. 5) .
RBBR, an anthraquinone dye that is also a recalcitrant organopollutant resistant to chemical or physical degradation, has frequently been used as a starting material in the production of polymeric dyes (Fu and Viraraghavan, 2001) . RBBR decoloration by laccases results in the oxidation of anthraquinone into anthranilic acid, but the efficiency of dye decoloration varies within microorganisms. A 91% decoloration of RBBR has been obtained by the laccase from Perenniporia tephropora, but it required 48 h to accomplish (Younes et al., 2007) . The Lcc3 in this study showed an impressive RBBR decoloration efficiency of 90% achieved by incubating 8 U ml 21 Lcc3 in 0.01% RBBR at room temperature for 20 min (Fig. 6B) .
Use of biotechnology in pulp bleaching has attracted considerable attention and several results have been published (Bajpai et al., 2006) . Biobleaching is a promising approach for eliminating toxic, mutagenic chlorine-based chemicals used in the pulp bleaching process. White-rot fungi and their secreted lignin-oxidizing enzymes have been considered in biobleaching of chemical pulps. However, the slow growth of fungus is a major shortcoming that makes it unfeasible and economically unattractive. In this study, we employed the cultural broth of Cerrena sp. WR1 containing crude laccase enzymes to treat the softwood kraft pulp, and we observed that the kappa number was reduced from 33 to 26.8 at pH 3 and 24 at pH 10. In other words, Lcc3 exhibits higher lignin degradation efficiency in an alkaline environment than in acidic solution (27 vs. 18.7% reduction) (Fig. 6A) . This result suggests that use of Cerrena sp. WR1 laccase to remove lignin may provide a simple, cost-effective and eco-friendly method for improving paper quality. Together, the data presented here indicate that the fungal laccase identified in this study possesses several industrialfriendly properties that may contribute significantly to future biotechnological applications.
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